Researchers have long sought to detect quantum effects in macroscopic objects, analogous to the superposition of states in Schrodinger's cat that is both dead and alive. The development of ultrasensitive measurement techniques used in quantum computing and gravity wave detection may offer a way to experimentally test these ideas. Vinante et al. have used amplifier feedback to cool oscillation modes in a one-metric-ton aluminum bar that forms the active element in the AURIGA gravity wave detector. The effective temperature was 0.2 mK . Although other experiments have achieved lower temperatures, the AURIGA resonator is orders of magnitude more massive. Such feedback techniques may enable researchers to approach a regime where quantum effects become apparent.
Quantum phenomena dominate the world of the very small, but researchers have long sought quantum signatures in the dynamics of macroscopic mechanical objects. One example is the search for superpositions of different center-of-mass position states, meaning that an object is quite literally in two places at once [1] . A common view holds that the demonstration of macroscopic quantum behavior is a matter of practicability; macroscopic superposition states are difficult to detect because they are destroyed extremely rapidly by unavoidable interactions with the environment [2] . Others suggest that some unknown wave-function collapse mechanism prevents the formation of macroscopic superposition states, so that such states cannot be demonstrated even in principle [3] .
In recent years, advances in ultrasensitive measurement techniques have fueled interest in putting these views to the test. This has brought together three largely disconnected communities working in the areas of lowtemperature solid-state electronics, quantum optics, and gravity wave detection. In the 1970s and 1980s, the gravity wave community pioneered practical quantum measurement theory [4] , but the information now flows both ways. For example, schemes that serve the goals of quantum computing might also catch the faint vibrations of a massive resonator driven by an incident gravity wave. Such techniques are now being adapted to attempt the verification of quantum behavior in macroscopic mechanical systems. In a paper in Physical Review Letters [5] , the AURIGA gravity wave detector team in Padova, Italy, report a significant step in this direction by cooling the 900 Hz fundamental longitudinal vibrational mode of their detector, a one-metric-ton aluminum alloy bar resonator, from a starting temperature of 4.2 K, down to 0.2 mK. The 900 Hz fundamental mode of the detector is closer to its ground state than has ever been achieved in such a massive object.
Detectors such as AURIGA are essentially immense but precisely machined tuning forks that are designed to quiver when excited by gravitational waves from distant cataclysmic events (e.g., the merger of black holes). AURIGA is a huge cylindrical bar equipped with vibration sensors and cooled by thermal contact with liquid helium to remove background noise (see Fig. 1 , top) and can in principle vibrate at its fundamental frequency long after the gravity wave has passed.
To observe quantum behavior in a given vibrational mode of a mass resonator, which behaves approximately as an harmonic oscillator, it is necessary to cool the mode to close to its ground state: k B T/hω ∼ 1, where T is the temperature of the surrounding bath and ω is the frequency of the mode. The AURIGA team was able to push this ratio down to about 4000, corresponding to the thermal average number of energy quanta stored in the mode. This number is about two orders of magnitude larger than the current cooling and detection record of about 25 vibrational energy quanta [6] . In the latter experiment, the fundamental bending motion of a solid-state resonator was cooled in a liquid helium dilution fridge down to about 30 mK. However, that resonator weighed only ∼ 10 −15 kg; the AURIGA bar is eighteen orders of magnitude more massive, making their cooling of this detector all the more impressive an achievement.
FIG. 1: (Top)
The AURIGA gravity wave detector consists of a 3 m long one-metric-ton aluminum bar that is in thermal contact with a liquid helium reservoir. Distant energetic events such as orbiting binary stars produce gravitational waves that cause the bar to expand and contract longitudinally; these displacements are measured by a low-noise detector. Vinante et al. used feedback cooling to reduce the temperature of the longitudinal mode to less than 1 mK. (Bottom) The resonator is represented schematically as an effective mass m on a spring (a harmonic oscillator with angular frequency ω) modeling a single mode of a mechanical resonator. This vibrational mode is coupled to a heat reservoir at temperature T 1 and to the input of a mass position detector (amplifier), where the amplifier back action behaves as a heat bath with some effective noise temperature T A and damping rate γ A . If the output of the amplifier is phase-shifted and added back into the amplifier input, a much lower resonator temperature is possible. (Illustration: Alan Stonebraker/stonebrakerdesignworks.com) How did the AURIGA team manage to cool the fundamental longitudinal mode of their one-ton bar resonator below a millikelvin? The basic elements of their cooling method are a sufficiently large longitudinal mode quality factor Q and a very sensitive amplifier that measures the end-face displacements of the vibrating bar at the longitudinal mode frequency. Recall that the Q of a given vibrational mode is defined in terms of the energy damping rate γ and angular frequency ω as Q = ω/γ, so that large Q's correspond to low damping rates. Consider a mechanical oscillator mode that is in thermal contact with two separate heat baths, one at temperature T 1 (e.g., the cryogenic liquid) and the other (e.g., some device to remove energy) at a temperature T 2 < T 1 . In order to determine the steady-state temperature T m of the mechanical oscillator, we equate the rate at which the oscillator absorbs heat from the bath at the higher temperature T 1 with the rate at which the oscillator emits heat to the lower temperature T 2 bath. The thermal conductances of the heat flow pathways are directly proportional to the respective γ's, thus T m = (γ 1 /γ m )T 1 + (γ 2 /γ m )T 2 , where γ m = γ 1 + γ 2 is the mechanical oscillator's net damping rate. From this expression, we immediately see that in order to cool the oscillator towards the lower temperature T 2 bath, we necessarily require that γ 2 γ 1 , or equivalently for the quality factors: Q 2 Q 1 . One way to thermally couple the resonator to a lower temperature bath relies on the fact that the back action on a mechanical oscillator caused by the displacement detector amplifier can behave effectively like a coupled heat bath [7] . In particular, the amplifier damps the mechanical oscillator with some rate γ A and exerts an accompanying random-noise force on the oscillator, characterized by some effective temperature T A . An amplifier can have a much lower effective temperature than the ambient bath; remember that amplifiers are inherently nonequilibrium systems, so no law of thermodynamics is being violated. Furthermore, the damping rate γ A can be much larger than that due to the coupling of the oscillator to its ambient bath, so amplifier back action can cool a mechanical oscillator. Recent demonstrations of this include radiation pressure cooling of (sub)millimeter scale mechanically compliant mirrors [8] , and the above-mentioned solid state experiment [6] , which also showed how to cool a micrometer scale mechanical resonator using the back action of tunneling Cooper pairs in a superconducting singleelectron transistor displacement detector. Figure 1 (bottom) illustrates the cooling method employed by the AURIGA team. In the experiment, the resonator oscillations moved the plates of a capacitor, which induced current flow in a magnetic coil, and the magnetic signal was detected by a low-noise superconducting quantum interference device (SQUID) with negligible back action on the mechanical oscillator. In contrast with the passive back action-cooling method, it is the amplified mechanical signal and added noise output fed back into the intermediate signal circuitry stage that provides the much lower temperature T A effective heat bath. The damping force is produced by cleverly shifting the phase of the output signal by −π/2 before feeding back [9] . Thus, feeding back this output signal provides the desired viscous damping force with damping rate γ A proportional to the amplifier gain. A simple analogy would be a child's swing: pushing on the swing exactly out of phase will gradually reduce the swing oscillations. Other recent experiments have used optical radiation pressure feedback to cool much smaller mass mechanical mirror resonators down to millikelvin temperatures [10] .
The intermediate signal circuitry between the oneton bar resonator and SQUID amplifier in fact includes two additional coupled oscillators in series, one a much smaller few kilogram mass mechanical oscillator and the other a superconducting electrical LC oscillator with an even smaller effective "mass" of a few grams, both nearly resonant with the 900 Hz fundamental longitudi-nal bar mode and with comparable Q factors of about 10 6 . The coupled oscillators also increase the detection bandwidth that would otherwise be limited by the damping rate of the fundamental bar mode (∼ 0.01s −1 ). This is potentially of use for the detection of gravity waves. However, it must be stressed that neither passive back action nor active feedback cooling of the fundamental mode can improve the detection sensitivity of gravity waves, which is limited by the net force noise on the oscillator mass. In particular, the net force noise scales as the product of the net energy damping rate and the steady-state temperature, i.e., γ m T m , which remains unaffected because a decrease in T m (i.e., cooling) is offset by a corresponding increase in γ m . One possible advantage for detection, however, is that by increasing the net damping rate of the detector, the bandwidth is increased, which is useful for detecting shorter timescale gravity wave signals.
This cooling milestone represents significant progress toward the demonstration of quantum behavior in macroscopic mechanical objects. A potentially interesting follow-up experiment might involve switching off the feedback once the fundamental mode is in its cooled steady state, and then monitoring the mode dynamics as it warms back up to the ambient temperatures. Such an investigation will help provide a better understanding of the mechanical energy damping mechanisms at these cryogenic temperatures. This is a poorly understood subject and yet is essential to realizing the eventual goal of watching a macroscopic quantum superposition state evolve into a classical mixture of either-or alternatives.
